Transcriptional regulators containing a "leucine zipper" and a flanking basic domain belong to a recently identified class of DNA-binding proteins. We have mapped the essential DNA contacts of one member of this group, the eukaryotic transcription factor C/EBP. Methylation and ethylation interference experiments detected major groove contacts over a full turn of the DNA helix on both an asymmetric and a symmetric C/EBP binding site. The contacts essential for C/EBP binding have two-fold symmetry yet differ significantly from the contacts of other dimeric DNA-binding proteins, including those bearing helix-turn-helix motifs and the type I restriction endonuclease EcoRI.
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The eukaryotic transcription factors Jun, Fos, GCN4, and C/EBP belong to a group of DNA-binding proteins that contain a "leucine zipper" and a flanking basic domain (1) . Both components are required for DNA binding. The leucine zipper forms a coiled coil of a-helices (2, 3) and mediates requisite dimerization (4, 5) . The basic region contributes to DNA recognition (4, 6) , but the details of its structure and its contacts with DNA are unknown. The mechanism of specific DNA recognition is likely to be different from that of the helix-turn-helix or zinc-finger motifs because no similarity in protein sequence is observed (1, 7) .
To characterize the sequence-specific recognition ofDNA by this class of protein, we have used both guanine-methylation and phosphate-ethylation interference (8) to map the essential contacts of C/EBP on the DNA helix. C/EBP was initially characterized as a rat liver nuclear protein that recognizes both the CAAT box and the enhancer core of several viral transcriptional control elements (9) (10) (11) . Our study focuses on two CAAT-box sites that share the pentanucleotide 5'-GCAAT-3'. One, within the mouse transferrin (mTf) promoter, displays almost perfect dyad symmetry (12) and another, within the promoter of the Moloney murine sarcoma virus (MSV) long terminal repeat (LTR) (10) , shows no striking symmetry.
In this paper (8, 13) . C/EBP was produced in E. coli from the full-length rat cDNA clone (4) by using the pET expression system (14) . The 42-kDa C/EBP polypeptide constituted less than 5% of the total protein in bacterial cell lysates. Extracts were minimally fractionated by DEAE-cellulose chromatography as described (1) (15) . Unbound and protein-bound DNA fractions were identified by their different mobilities and were extracted from the gel. Strands were cleaved at phosphotriesters by NaOH and at methylated guanine residues by piperidine (Fisher) (8, 13) . Samples of bound and unbound DNA containing equivalent amounts of radioactivity were electrophoresed on denaturing 9% acrylamide gels. Gels were exposed to preflashed Cronex film (DuPont) with intensifying screens. Autoradiographs were scanned with a Bio-Rad densitometer, and film densities were plotted with IGOR software (WaveMetrics, Lake Oswego, OR). Peak heights on densitometric tracings were used for quantitation. 
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oriented such that the site displays almost perfect dyad symmetry over 10 bp (Fig. lA) . In the promoter of the MSV LTR, only two matches to the GCAAT motif are symmetrically displayed (Fig. 1B) . We term the LTR site asymmetric and the mTf site symmetric.
Restriction fragments bearing either the mTf or the LTR site were end-labeled and sparingly modified with either dimethyl sulfate or N-ethyl-N-nitrosourea (8, 13) . The population of modified DNA molecules was then incubated with C/EBP. Protein-bound DNA was separated from unbound DNA on low-ionic-strength polyacrylamide gels (15 or -88 has no effect on C/EBP binding ( Fig. 2A) . On the LTR bottom strand, interference is observed at guanine residues at positions -80 and -76 (Fig. 2B) (Fig. 2 C and D) . In addition, ethylation of 12 different phosphates on the top strand and 11 on the bottom strand significantly interferes with C/EBP binding ( Fig. 2 C and D) . A quantitative analysis of the mTf promoter ethylation interference data is presented in Fig. 3 Methylation at N-7 of guanine projects a methyl group into the major groove of the DNA helix; therefore, methylation interference data predict close contacts between protein residues and the major groove of the binding site. The compilation of the methylation data from both promoters suggests three major groove contact zones (Figs. 4 and 5) . One zone is at the center of the dyad axis, positions 2L through 2R. Two additional contact zones are positions 6R and 6L, each of which lie a half turn of the helix away from the dyad axis in divergent directions. The limits of major groove contact can be predicted by the lack of interference at positions 7R, 8R, 7L, and 8L. Two features of the ethylation data suggest that C/EBP is also close to the major groove between the proposed contact zones. Ethylation interference maps to sites on both helix strands that rim the major groove connecting the three zones (see Fig. 4 ). Another distinctive feature of the ethylation data comes from comparing the boundaries ofthe ethylation responsive regions ofthe top and bottom strands (see Fig. 4 ). On the left side of the site, interfering ethylations on the top strand map farther from the center than do interfering ethylations on the bottom strand. This 5' overhang pattern is also observed on the right half of the site. Due to the helical pitch and the anti-parallel configuration of B-DNA (see Fig. SA ), this pattern suggests major groove docking on each half-site. In conclusion, the effects of alkylation on C/EBP binding indicate continuous contacts along the major groove over a full helical turn.
DISCUSSION
We have used alkylation interference experiments to investigate the binding of C/EBP to the CAAT-box type DNAbinding site. Our primary goal was to investigate the essential DNA contacts made by the C/EBP dimer. The data demonstrate that the essential contacts display two-fold symmetry. Furthermore, contacts are in the major groove over 12-14 contiguous nucleotide pairs. Fig. 5 presents a model of the C/EBP-DNA interface. In addition to the potential purine and phosphate contacts, an undefined rotationally symmetrical protein structure is displayed that makes major groove contacts for a full helical turn. The two parts of the protein structure illustrate symmetrical domains of DNA contact but not necessarily dimer subunits. In our model, a C/EBP dimrer interacts closely with the DNA helix over a full 3600 to establish all of the described contacts.
Fig. SC also illustrates two alternative orientations of the dimer interface of C/EBP (the leucine zipper) with respect to DNA helix structure. In one scenario, the amino termini of the leucine zipper helices are positioned over the minor groove at the dyad axis of the binding site (Fig. 5C, zipper a) . In this case, the major groove contacts closest to the leucine zipper are in two successive major.grooves-on one face of the helix. Alternatively, the leucine zipper is positioned over the dyad axis in a major groove (Fig. 5C, zipper b) . A comparison of C/EBP contacts to well-characterized DNA-protein interfaces suggests that leucine zipper proteins bind DNA in a different manner (Fig. 6) . The phosphate ethylations that interfere with DNA binding by A repressor, for example, have two-fold symmetry but map farther from the dyad axis and show a longer 5' overhang than is seen in the C/EBP data (17) . The ethylations that interfere with A repressor binding are consistent with the crystallographic picture of A repressor and operator in which two helixturn-helix structures bind two successive major grooves on one face of the DNA (19) . The pattern of C/EBP contacts is Proc. Natl. Acad. Sci. USA 87 (1990) also distinct from the arrangements of phosphate contacts made by the restriction endonuclease EcoRI. Ethylation interference analysis and the crystal structure of EcoRI with its binding site show that essential contacts have two-fold symmetry and map to the eight nucleotide pairs surrounding the dyad axis. These contacts are made predominantly on one face of the helix (18, 20) . In contrast, the phosphate and guanine contacts made by C/EBP map farther out from the dyad axis and cannot be attained by docking on one face of the helix. As described earlier, C/EBP appears to make contacts around the DNA helix.
Vinson et al. (21) have recently proposed a model of C/EBP positioned on a DNA sequence that displays a palindromic GCAAT motif. The amino termini of the leucine zipper a-helices are proposed to approach the major groove at the dyad axis of the binding site. This orientation would be consistent with the model presented in Fig. SC (zipper b) . This model also predicts that each basic domain of a C/EBP dimer is in a hinged a-helical structure that makes DNA contacts in the major groove on one-halfofa binding site. The model predicts that the C/EBP dimer makes intimate contacts on the DNA helix solely in the major groove spanning 16 bp of DNA. Our data demonstrate major groove interactions that are consistent with this model. The symmetrical binding of C/EBP to the LTR site calls attention to the issue of the sequence-specificity of C/EBP binding. The ethylation interference data demonstrate that both halves of the LTR site mediate stabilizing contacts. Furthermore, the pattern of potential phosphate contacts displays two-fold symmetry similar to that observed on the more symmetrical mTf site. Yet, the DNA sequence of the LTR site appears to have little symmetry. Within the 14 bp of the C/EBP contact zone, only two of the seven positions on the left halfofthe LTR site match the sequence on the right half-of the site. There are two possible explanations for these results. On the one hand, the constellation of base pair functional groups could display more symmetry than we read in the simple base pair sequence. For example, N-7 on the imidazole ring of both guanine and adenine could be viewed as an equivalent H-acceptor site by a protein residue (22) . Alternatively, the residues of C/EBP that are at the DNAprotein interface on the non-GCAAT half-site may make different contacts than the residues near the GCAAT halfsite. This explanation would require substantial flexibility in the DNA-binding residues of C/EBP.
Whereas the data collected from the LTR site suggest possible flexibility of the DNA recognition mode of C/EBP, the tighter binding of the mTf promoter site (data not shown) stresses the potential importance of the CAAT-box sequence motif. Other relatively high-affinity binding sites for C/EBP also bear the 5'-GCAA-3' portion of the CAAT motif of mTf on one half-site. These sites include enhancer elements of the hepatitis B virus (5'-GCAAA-3') (11) and the mouse polyoma virus (5'-GCAAG-3') (9) . Following this reasoning, the 8-bp sequence 5'-TTGCGCAA-3', which is a palindrome of the 5'-GCAA-3' motif, should be an optimal site for high-affinity binding of C/EBP. Other leucine zipper/basic region proteins have been reported to also require a minimum of eight or nine nucleotide pairs for sequence-specific recognition (5, (23) (24) (25) . If the central eight nucleotides of a C/EBP binding site are sufficient for sequence-specific recognition, the critical major groove and backbone contacts near positions 5R-6R and 5L-6L (Fig. 4) could be zones of sequenceindependent stabilization. Stabilizing phosphate contacts also occur beyond the 6-bp recognition site of the restriction enzyme EcoRI (18, 20) . A more quantitative analysis of C/EBP binding sites and site-directed mutagenesis of sites will be necessary to resolve the issue ofthe sequence-specific recognition of C/EBP. In summary, we have shown that C/EBP binds DNA in a previously undescribed mode. The DNA determinants for the recognition of CAAT-box sites by C/EBP include 12-14 nucleotide pairs. Contacts are made in the major groove for a full turn of the helix. To accommodate all of the described contacts, C/EBP must have the flexibility to wrap around the DNA. The symmetrical binding of the C/EBP dimer to both a symmetrical and an asymmetrical binding site also suggests flexibility of C/EBP contact residues.
